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SUMMARY 

An accelerat ion-lhi t ing  control  was used on a turbojet  engine i n  
order to study the feasibility of i t s  use as an  acceleration  control. 
A p r o p o r t i o ~ l - p l u s - i n t e g r s l  type of controller w a s  used i n   t h i s   i n -  
vestigation.  Transient  response data were ,obtained to   inves t iga te   the  

terms of schedule  overshoot and acceleration time as a function of 
control-parameter settings and input  disturbance rate, 

.a control-system  response  and  stability. The response w a s  evaluated i n  

.. 
Both schedule  overshoot and acceleration time were found to be a 

function of rate of input  disturbance,  schedule  level, s y s t e m  gain,,  and 
controller time constant. A l l  these pwameters, therefore, mt be 
adjusted to provide a conpromise  between fast acceleration and small 
overshoot, When the accekration-Umitlng  control was added to a 
proportional-plus-integral  speed - fuel-flow control, a two-loap control 
resulted. Both control loops must be adjusted to provide a coqromise 
between good acceleration characteristics and steady-state performance 
of the speed  control. If the engine should go fnto stall or surge dur- 
ing an  acceleration  transient,  both  the one-loop and two-loop controls 
would add rather  than sribtract fuel flow and drive the  engine further 
into  undesirable  regions.  Therefore, t h i s  system would not be safe 
without  an  overriding  control, However, t he  use of an  acceleration- 
Limiting  schedule has an  advantage  over o the r  limit schedules i n   t h a t  
there is less  dependence upon steady-state  operating l ines.  

A c c e l e r a t i o n - 1 i n g   c o n t r o l s  of the  type considered i n  t h i s  re- 
port  automatically limit engine parameters such as f u e l  flow, compressor 
discharge  pressure, temperature, or acceleration  according t o  a pre- 

controls have been  presented in  references 1 and 2. However, l imiting 
f u e l  flow, camp-essor discharge pressure, or temperature  has a d i s t inc t  

* determined  schedule.  Investigations of teqerature-limited  acceleratfon 

B 
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disadvantage in that the set t ing of the  schedule limit depends  on the 
steady-state  operating  line. Any deviation from th i s   l i ne  caused by 
engine  deterioration,  production  deviations, o r  sensor  errors  could  off- 
set the schedule limit, The use of acceleration as a schedule limit 
would minimize this disadvantage i n  that steady-state  acceleration is 
always zero. 

An investigation of an  acceleration-limiting  schedule  control  using 
a constant  acceleration l i m i t  has been presented  in  reference 3. Since 
the  stall-and  surge  accelerations are a function of speed, however, a 
constant-acceleration limit cannot  give optimum performance.  Therefore, 
an experimental program w a s  conducted  with-acceleration limit scheduled 
as a function of  speed. This schedule was shaped t o  s k i r t  t h e   s t a l l  and 
surge  region. A study of the margin necessaq between the  acceleration- 
limit schedule and stall  and surge  accelerations was made for   several  
influencing  factors  such as input  disturbance  rate and  control. varia- 
tions. In order t o   t e s t   t h e   p r a c t i c a l i t y  of the  accelerating  control, a 
speed - fuel-flow  control was added to   s tudy the operation of the com- 
bined sy-stem. 

C O r n O L  SYSTEMS 

Acceleration-Idmiting  Control 

I 

.. . . 
t 

Q1 
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.. 
A block  diagram of the  acceleration-limiting  control is shown i n  

figure l(a>. The m n d  stgnal sets the fuel-flow  rate  for either tran- 
s lent  o r  steady-state  operation. During an  acceleration  transient, the 
demand simulates a s ignal  f r o m  the operator t o  accelerate.  Signals 
proportional t o  speed and acceleration  me ob.tained  through the  use of 
the  speed and acceleration sensor circuits.  The speed  signs1 is  applied 
to  the  function  generator  unit  to  provide  the  acceleration-limTting . 

schedule. The acceleration  signal is compared w i t h  the scheduled  ac- 
celeration  signal, and the resulting  error  serves  as  an  input  to  thesac- 
celeration control ler .  The action of the  controller is EL proportional- 
plus-integral. t y p e  t o  produce a desired  fuel-flow  correction. However, 
the proportional-glue-integral control is i n  parallel  with a Low -gain 
proportional  c*cuit.-{fig. l (b)) ,  and thus the output is limited t o  
negative values. The operation of t h i s   c i r cu i t  can be explained  with 
the following  equations (symbols are  def ined i n  the Appendix). 

. " 

When Vo < 0, the  diode does not  conduct, and 

vo(s) = - PI - R2 Rl (. + &) Vi(" )  
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When Vo > 0, the diode  conducts,  and 

Since R3 is much less than R2 or R1, the  positive output is 
negligible. 

." - 

Acceleration-Limiting-Plus-S-geed - Fuel-Flow Control 

3 

A block diagram of the  speed control  an8  acceleration-limiting con- 
trol is shown in  f igure  2(a)  . The action of the acceleration loop i n  
t he  two-loop control i s  exactly the same as i n  the acceleration-Umitfng 
control. The demand  on the  conibined s y s t e m  is made in t he  f m  of a 
speea demand, however, rather than a fuel-flow demand. I n   t h e  speed con- 

demand speed  signal. The speed er ror  signal is  operated on by a 
proportional-plus-integral  control that governs the  demand f u e l  flaw. 
When the  speed errm gets larger than a preset value, the gain of the 
control is decreased t o  s t ab i l i ze  the two-loop s y s t e m .  A schematic 
diagram of the  s-k&.il&-%ig uni t  used f o r  this purpose i s  shown i n  figure 
2 (b ) . The operation of this nonlinear element  can be explained  as 

41 t r o l ,  engine  speed is sensed,  and the speed signal is cornpaxed with a 
2 
P 

2 
* foU061s : 

When VA P3E, the diode does not conduct, and 

When VA > P3E, the diode conducts, and 

R: 

Since Ri > R;, there is a large  decrease in   ga in  when Vi =- P3E. 
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COMPONENT DYNAMICS 

Sensors 
- 

Enaine speed. - A voltage  proportional t o  "speed was obtained  by 
electronic conversion of pulses  obtained from a magnetic pickup installed 
i n  the compressor  housing opposite a row . o f . -  cqre6jor blades. The pick- 
up and electronic   c i rcui t  had no measurable dynamics in The range of " 

interest .  

.. - -1 
. .  

tP 
Engine acceleration. - A voltage  proportional to acceleration was E 

obtained  by  electronically  differentiating the speed  sensor  output. 
Bowever, differentiation  ampUfies  noise conqonerrts proportionally with 

frequency.  Therefore, a high frequency f i l t e r   i n  the form of 

was added Ln which TF was set at 0.03 secod ,  

1 
- .. " (1 ++)2 

Engine tailpipe temperature. - A system of thermocouples w a s  sgaced 
in   t he   t a i l p ipe  to give 8. signal   proport ional   to   an average  temperature. 
The system responded  with  an appgoximate fir6t--&"d&? la@;-with 8 time . 

constant that w i e d  w i t h  speed frm 0.63 t ~ .  0.33 s-ecopd, . . 

.. . - 

-t - 

A thermocoqle compensator of a lead-lag-- na ture  was used t o  
prort.de a s igna l  response f l a t  t o  16 cycles  per second at  an  engine speed i 
of 4250 rpm and an avercompens&,ed response at higher  speeds. A more 
complete description is given in   reference 2. - - 

Fuel System 

Fuel was fed ta .the  engine  manifolds  through a different ia l -  
reducing-valve  type of flow re-tor that maititairis a constant  pressure 
drop across a throttae. The response of this valve  system was f l a t  t o  
100 cycles  per second. The t h r o t t l e  area was vaxied by in e lec tm-  
hydraulic servomot.oxr. The response of t h i s   un i t  t o  an iiqut  voltage was 
essent ia l ly  f la t  t o  20 cycles  per second. The control system thus. varied 
the fuel flow by varylug the   wl tage  lmpressed upon the  eledro-hydraulic 
servomotor. A 8ignal proportional  to the t h r o t t l e  area was  calibrated 
and used f o r  transieBt fw1-f- meas.ureqen+E. - JA-colqp~~te  &scription 
of this system is  given i n  ref. 4.) 

~ ". 

Engine Dynamics 

Speed and acceleratian - T u e I - f L a r  respo . - The frequency re- 
sponse of engine speed and acceleration t o  fuel flow as approximated 
from experimental data i s  shown in   f igure  3. The frequency  response 
represente  engine dypamics a t  85OQ r p m ,  T h e .  transfer  function which 

t 
. .. . .. - 

.L 



5 

J 

approximately f i ts  the speed - f u e l - f l o w  response i s  given by - 
"td" 

(I + zL;ls) (1 + %,2s} 

Because acceleration  transient times are r e l a t ive ly  short, about 5 sec- 
onds f o r  the complete t ransient ,   the  ability of a system t o  fou-oW an 
accelerating  schedule depends upon the  higher frequency characteristics 
of acceleration - fuel-f low response. The Lowest pertinent  frequencies 
a r e  about - cycle during the transient;  thus  engine  acceleration - fuel- 

f l o w  response below about 0.1 cps need not be considered.  Therefore, 
the dynamics of engine  acceleration  fuel  f law may be approximated as 

1 
2 

Variation of steady-state  speed with fuel f l o w  i s  given i n  figure 
4. The steady-state  speed - fuel-flow  gain (%I can be  derived f r o m  
this curveo As shown i n  figure 5, the   t o t a l   va r i a t ion  of this gain 
w i t h  speed is  i n   t h e   r a t i o  of more than 8, the  highest  gain beFng at 
idle. 

The midfrequency acceleration - fuel-flaw gain (q) variation w i t h  
speed is shown i n  figure 6. It can be shown that 

The to t a l   va r i a t ion  of this  gain i s  i n  the-ratio of about 1.5, which is 
much less than  the speed - fuel-flow gain. 

The dead time varies with speed a6 shown i n  f igwe 7. The dead 
time w a s  found t o  be on the order of 0.10 second a t  idle, dropping dawn 
t o  about 0.052 second at 6500 rpm, and rising again t o  about 0.078 
second a t  rated speed. 

The two-engine  lag-time constants, and ZL,~, are shown in  
figure 8 as a function of engine speed. The first time constant (TL,~) 
varies between 9 and 0.9 second; the second tfme constant i s  much 
shorter,  varying between 0.08 and 0.032 second. 



r. 

Smge and stall limits. - Data w e r e  taken to  determine the engine 
acceleration and  speed when the engine first w e n t  in to  s ta l l  or  surge 
after a large  disturbance i n  f u e l  flow. Figure 9 shows a n w e r  of these 
data points. The shape and the operating range of the  schedule  used  are 
shown in  re la t ion  to   these  points .  

- 

The experimental program consisted of. engine  acceleration con- 
t ro l l ed  by (1) the  acceleration-limiting  control (one-loop control) and 
(2) the conibination .acceleration-limiting and speed-error control (two- 
loop control). 

Transient data w e r e  recorded on a direct-reading  oscillograph, whose 
frequency  response w a s  essential& fkt t o  a t  least 25 cycles  per second 
on a l l  channels. 

One-Imp Control 

A raq disturbance  in fuel f l o w  was F e d  as a demand signal t o  &e- e 
termine the  performance of the accelerat ion-Wting  control .  The tran- 
s ients  were in i t i a t ed  at an  engine  speed o f  4000 (idle), and. the 
following  parameters were var ied  indfvidua-: cT$ 1 ramp rate of dis- 
turbance; (2) schedule-level bias; (3) controller gain;  and (4) con- 
t r o l l e r  time  constant. The ramp r a t e d  disturbance was varied between 
412 and 4l25 pounds per hour per second and was held  constant a t  2062 
pounds per hour per second when other  p~umneters were varied.  Flgure 9 
shows the range  of-schedule levels used. 

" 

N 

Evaluation of the   control  system and its parameters w a ~  made from 
the following  criteria: 

(1) Stabili ty-l imit8 

(2) Overshoot of preset  schedule (hereafter called  schedule 
o.8ershoot ) 

(3) Acceleration time f r o m  4000 t o  5500 r p m  and 4000 t o  6500 r p m  

Two-l;oop Control 

I n  order t o  have the two-loop control  accelerate the engine  rapidly 
and safely and also  provide  acceptable  steady-state  speed  control 
throughout the  range of -engine  speeds  wed,  each  controller  gain  and 
time constant must be  properly  set.  Controller tFme constants of 3 ? 



mACA RM E58B19 
Y 

7 

seconds f o r  the speed loop and 0.20 second f o r  the acceleration loop 
were chosen on the  basis of single-low  preliminary  data. When the two 
loops ere conibined, only certain  conkinations of gains w i l l  produce 
stable  operation.  Generally, f o r  high ga in   i n  one loop, low gain is  re- 
quired in the other   for   s tabi l i ty   reasons.  The theore t ica l   p lo t  of the 
s tabi l i ty   Umit   gains  is  shown i n  figure 10. 

- 

“I 
i 
D 
c# 

r 

. 

When small speed errors  exist, t he  fuel f l o w  demanded by the speed 
controller does not  produce accelerations high enough to   c ros s  the 
schedule so only the speed control is i n  operation.  For this range of 
speed errors,  the speed  control  gain w a s  set as shown i n  figure 10 at poin  
A. When the speed er ror  exceeds a preset amount, the nonlinear  circuit  
i n   t h e  speed control  decreases the speed control  gain.  For Large speed 
errors  the f u e l  flow demandea by the speed  control i s  great enough t o  
produce accelerations greater than the scheduled sslount, which w i l l  bring 
the  acceleration loop in to  the control. Thus the  gain of the speed  loop 
has been set to a new value, the acceleration loop has come in to  the con- 
t r o l ,  and a new operating  point (B) on figure 10 has been set. IU order 
t o   f i n d  the ef fec ts  of each loop gain when the two loops are operating, 
each loop gain was decreased  holding the other  gain  constant. 

Figure 11 shows the r e l a t ive  open-lo- gain  plotted  against  fre- 
quency of each control  loop when the s y s t e m  i s  set at operating  point B 
of figure 10. These open-loop responses w e r e  used i n  the calculations 
for figure 10. Included i n  the acceleration-control  amplitude  response 
we the  dymmics  of the engine (at 4500 rpm) , f u e l  system, speed sensor, 
acceleration  senaor, and i ts  proportional-plus-integral cont ro l .  In- 
cluded i n  the speed-control amplitude response me the dynamics of the  
engine (at 4500 r p m ) ,  f u e l  system, speed  sensor, and its proportional- 
plus-integral  control. When the control   se t t ings are made as shown i n  
figure 10, the acceleration  control has higher gain a t  frequencies higher 
than 0.0052 cycles  per second, but the speed control  gain is higher be- 
low this frequency. This is a basic requirement f o r  the control system 
t o  operate  since it is  necessary that the  acceleration  control have more 
effect   than the speed  control  during short, rapid  acceleration  transients.  

One-kop Control 

A typical  acceleration  transient is shown i n  figure 12. Recorded 
t races  are speed, fuel flow, t a i l p ipe  temperature,  controller  output, 
and acceleration. SuperJmposed upon the acceleration trace is  the ac- 
celeration schedule. F r o m  steady-state  operation  at 4000 rpm a fuel-flow 
disturbance of 2062 pounds per hour per second is appl ied   un t i l   newly  
r a t e d   f u e l  f l o w  is reached. The f u e l  flow  increases as a ramp f o r  ap- 
proximately 0.8 second u n t i l  the acceleration  schedule is  reached. When 

t 
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the  acceleration exceed6 the schedule,  the  controller &put ca l l s  far a 
reduct ion  in   fuel  flow. However, the accekrat ion must continue t o  rise 
from the time it first  reaches  the  schedule un t i l   t he  end of the dead 
time (tal, which produces an  *reducible  overshoot (about 50 percent of 
the  experimental  overshook  obtained i n  this case). The acceleration 
then  responde  ta.  the fuel-f l o w  signal t d  ea r l i e r   i n  time. Because of 
the f i l t e r   i n  the acjxlerstion  sensor,  this.  re.s~onee is  somewhat sluggish 
duriug the i n i t i a l  overshoot.  After the I n i t i a l  overshoot,  the  control- 
ler tracks the schedule  very  well  until the acceleration demanded by the 
f u e l  flow is less than the schedule. . .. . . .. . 

Stabi l i ty  limits. - Figure 13 shows typical  transient data f o r  the 
control system when ... it becomes unstable  duriug a portion of the tran- 
sient.  The system w a s  considered  unstable if two .cycles  of osci l la t ion 
appeared. The freqyf?pcy of - t h i s  instabi l i ty  is about 2.4 cps, ve ry  
o lose  to  the  calculated  value ,-Experimen~ai~andtheor~tica~-system 
stabil i ty limits are shown in   f igure  14 for  accelerations  in w h i c h  the 
controller  gain and .time constant were varied. The theore t ica l   s tab i l i ty  
limit is based upon engine dynamics at  5000 rpm. Of the engine dynamics, 
the major factor of stability is the dead time. For very long time con- 
stants  the  gain  amroaches 0.0725. This represents a Loop gain 052.02 
i n  the midfrequency  regi0.n. Making the .the constant of the  controller. 
small enough t o  approach ZL,~ decreases the msximum allowable  pro- 
portional  gain. However, decreasing the controller t+ constant  also 
increases the range of the  integrator  action.  Therefore, wi th in  t h i s  
range  the  response w i l l  be hproved. 

.. . . 

Overshoot and acceleratioa. tj,Jne. - Schedule. overshoot and accelera- 
t i on  tfme are  plotted  against  controller  gain and time constant i n   f i g -  
ure 15. Acceleration time w a s  measured between 4000 and 5500 r p m ,  ana 
4000 and 6500 rpm.  . 'As the gain at each  controller-time-constant  setting 
is increased t o   t h e  stability limit, the overshoot is decreased. The 
acceleration time 18 increased as the  gain is increased-but this is n o t  
a penalty  because  the  object of the control is t o  limit acceleration, 
which i n  itself w i l l  fJx a minimmu theoretical  acceleration time as 
shown i n  figure 15. The overshoot is minimized a6 the controller  time 
constant  approaches T L , ~  and the gain  approa6hes the s t a b i l i t y  limit. 

Figure 16 i l l u s t r a t e s  the effects  of r q  rate o f  disturbance on 
schedule  overshoot and acceleration time. The schedule  overshoot  in- 
creases  nearly  linearly w i t h  ramp rates over the e n t i r e  range of ramg 
rates used, A large part of' the change i n  overshoot is" due t o  dead time 
since the irreducible overshoot caused by-dead time is a function of 
rate of change of acceleration. When the  transient stasts at So00 r p m  
rather than 4000 r p m ,  the dead  time is 35 percent"-less, and thus the 
overshoot is less. The acceleration time decreases  as the ramp rate i a  
increased  because of l e s s   t w - t o  reach the_schedule and higher  accel-. 
erations during  the  schedule  overshoot. 

n 
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Figure 17 shows the  effects of schedule  le%el on acceleration  time - and schedule  overshoot. As expected,  acceleration  time  decreases when the 
schedule is  raised. However, as the  capacity for acceleration of the 
engine is approached, the  acceleration approaches a constant  value. The 
constant  value approached by the  acceleration-schedule  control is very 
nearly that approached  by the  temperature-schedule  control i n  reference 
2. The schedule  overshoot remains approximatelythe same with v a r i a t i o n  
of schedule  level  until  the  schedule  reaches  the more nonlinear  regions 
of the  engine. rl 

rl 
a3 
d 

r? 

L 

A very  high  schedule  level  produces  fast  accelerations  but may also 
resu l t  i n  s t a l l   o r  surge  as shown i n  figure 18. After going in to  stall  
or surge,  acceleration w i l l  decrease  and may even go below the  schedule 
Level. If t h i s  occurs,  the  controller w i l l  increase  the  fuel flow and 
drive  the  engine  further  into the undesirable region until the fuel-flow 
limit is reached. The result ing damage t o  t he  engine would depend on 
the  fuel-flow demand being made . 

Two-hop Control 

A typical  transient  fn  acceleration using the two-loop control i s  
shown i n  figure 19. Recorded t races   me speed, f u e l  f Low, t a i lp ipe  t e m -  
perature,  acceleration-controller  output,  speed-controller  output, and 
acceleration. Superimposed upon the  acceleration  trace is the  accelera- 
t i o n  schedule. A ranq! disturbance  in  speed demand is made upon the 
system.  This demand is compared with measured  speed,  and the resulting 
error is operated on by a proportional-plus-integral  control. The output 
of this   control  sets a desired fuel flow t o  the  engine. When the  speed 
error  reaches a preset  value,  the  gain of the  control is decreased. 
When the  acceleration  crosses  the  schedule,  the  acceleration  control  acts 
the same as it did alone.  After  the i n i t i a l  overshoot,  the s y s t e m  
tracks  the  schedule  very  well. 

Figure 20 shows the effects  of each bop gain of the system on 
schedule  overshoot and acceleration time. (The gains of both loops were 
at operating  point B on figure 10 a t  zero-db reference  gain. ) A decrease 
in speed-controller  gain  decreases  overshoot. A decrease in  acceleratfon- 
controller  gain  increases  overshoot by abo& the same amount. Thus w e  
have two controls,  each  seeking t o  comply wtth  opposite demands. V a x i -  
t i o n  in  acceleration-controller  galn does not  appreciably  affect  accel- 
eration  t ime  in this range. However, by decreasing  the  speed-controller 
gain,  the-  acceleration tlme increases. 

If the  engine  should go in to  stall  or surge when using  the two-loop 
control,  considerable damage could  result.  Since  acceleration would 
decrease,  the  acceleration-limiting  control loop would have little or 
no effect  i n  decreasing fuel flow. The speed control would demand a 
fuel-f low increase  as a function of the  integrated  speed  error. 
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SUMMARY c[F REms - 

A n  acceleration-limiting  control was used on a -turbojet  engine t o  
study i ts  performance as an acceleration  control.. .The following results 
were obtained: 

When wing the  acceleration-limiting  controller  alone, midfrequency 
open-loop gain is  limited t o  a maxlrmun of 2.02 - . (at . . . . 5000 . . rpm) f o r  a stable $. 

proportional  control. The major p& of the phase sh i f t . - tha t  cauBes in- * 
s t a b i l i t y  is due t o  dead time. t-. 

After the i n i t i a l  schedule  overshoot (minirmrm of about 175 rpdsec ) ,  
the  control  tracked  the  schedule  very well. A compromise between 
schedule  overshoot and acceleration time is- required for a l l   s e t t i n g s  of 
controller  gain and time  constant, demand rate ,  .ad- schedule  level. 

A s  the  schedule .is raised, the acceleration  time  decreases and 
f ina l ly  approaches a limit. This lwt ."is v e q  close t o  the limit ap- 
proached b y  the tempvatwe-schedule  control . . . . used . " in - . reference . . . . . . 2. - 

The acceleration-limiting  control has an  undesirable  feature i n  
that if s t a l l  or surge  are  encountered,  acceleration  decreases and the 
control adds fuel  flow to   d r ive  the engine further into  undesirable 
conditions. 

e 

. .  
- 

" 

" 

* 

When the acceleration loop is  added t o  a speed - fuel-flow control hop, the parameters of each control must be adjusted t o  provide a corn-. . .- 
promise  between good acceleration  characteristics snd eteady-state Speed 
control. A nonlinen  gain must be  provided in the  speed-control loop i n  
order t o   a t t a i n   t h i s  performance  and yet remain stable. 

- 

If s t a l l  or surge  are  encountered with the two-loop control,  both 
controls w i l l  act   to  drive the engine  into  the  undesirable  conditions. 

L e w i s  Flight  Propulsion  Leboratory 
National  Advisory Committee for  Aeronautics 

Cleveland, Ohio, February 21, 1958 
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APPENDIX" SYMBOL3 - 

c capacitor component . . 

E bat tery  vol tage 

IC, steady-state  speed - fuel-f low gain 

% 
P potentiometer  setting 

R . r e s i s t i ve  component 

raidfrequency acceleration - fuel-f low gain 

6 Lap.lacian  operator. 

=D difPerentiator time constant . .  .* 

2 L speed - fuel-flow, lag-time  constant 

=F - filter time constant 

t a  speed - fuel-flow dead time 

v amplifier  voltage 

Subscripts : 

input 

output 

,3 designation of resistor, capacitor, o r  lag-time c o n s t a d  
as noted i n  diagrams 

Superscript : 

r nonlinear   s tabi l iz ing  uni t  

_ .  
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(a) Block diagram of accelerat ion-l lmit iw  control .  

Figure 1. - Control loop for  acceleration-schedule  acceleration  control.  
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D i o d e  

(b) Schematic diagram of nonlinear  control. 

Figure 1. - Concluded. Control loop for  acceleration-schedule 
acceleration  control. 
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m 
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Rk 
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Ri . 
v i  v; 
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E 

(b) Schematic  diagram of nonlinear  stabilizing  unit. 

- v; 

Figure 2. - Concluded.  Control loops for acceleration-schedule- 
acceleration  control  and  speed control. 
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(a )  m i t u d e  frequency. 

P i g u m  3. - Frequency resgouse of englrm epaad end accaLeration f’wl flov at 4500 rpa. 
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5000 6000 7000 8000 9OOO 
Sped,  r p m  

Figure 4.  - Variation of steady-state fue l  flow with speed. 
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Figure 5; - Variation of steady- .~tate  epeed - 'fuel-flow gain with -ea. 
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Hgure 7. - Variation of speed and acceleration I fuel-flm dead tjm with speed. 
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4800 5600 7200 
Engine speed, rpm 

Pigure 8. - Variation of englne-speed - f'uel-flow time 
constants with speed. - 
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Normalized speed-control gain 

figure 10. - Variation of acceleration loop stability-limit gain with speed loag g d n  
(includes engine dynamics at 4500 rpm) . 
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Flgure 12. - T y p l o a l  aooaloratim transient.  
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Mgure 15 :- - Variation of schedule overshoo% ana acceleration time 
with controller gain and t h e  constant. 

f 



HACA RM E58B19 - 31 

0 

4.4 

4 -0 

2 . 4  

2 .o 6 500 1000 lsoo 2(300 2500 3ooo 3500 4OOo 
Ramp rate of fuel-flow disturbance, (lb/hr)/sec 

Figure 16. - Variation of schedule overshoot and acceleration time w i t h  ramp 
rate of fuel-flow  disturbance at starting speeds of rlD00 and 5ooo rpm. 
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Figure 17. - Variation of schedule overshoot and. acceleration time 
with schedule level. 



. . . . . . . . .. . .. . . . . . . . . . . 

r 

. . . . . - . . . 

1 L c 

$&.+ 

f 

1000 

-E 0 
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- 

Figure 19. - Typioal aaoeleratlon trannlent using two-loop  aontrol. 
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Figure 20. - Variation of acceleration time and schedule  overshoot 
with each loop gain  setting. 
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